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Gasification can be defined as a thermochemical process which transfer heating value from 34 carbonaceous materials into syngas (i.e., a mixture of H 2 and CO), tars and biochar at high-35 temperature (>500 °C) and oxygen-deficient conditions. The gasification process generally 36 involves four consecutive steps, i.e., drying, pyrolysis (i.e., thermally-induced fragmentation via 37 bond dissociation and dehydrogenation), partial oxidation and reduction (Loha et al., 2014) . In 38 terms of the gas-solid contacting mode, gasifiers could be categorized into three major types: 39 fixed bed, fluidized bed and entrained flow. In addition, their practical employments are highly 40 contingent on the types of biomass and the compositional matrix of the final products. 41
In general, biochar yield from the gasification process is less than other thermochemical 42 processes such as pyrolysis, which can be explicable by the conversion of carbon into carbon 43 monoxide (CO) due to its partial oxidation conditions (Brewer et al., 2009; Mohan et al., 2014) . 44 Moreover, the operational conditions for gasification are varied to optimize a maximum energy 45 (i.e., syngas production) from the diverse carbonaceous feedstocks. The formation of biochar as 46 a co-product of the gasification process is intentionally restricted to maximize the energy 47 recovery (i.e., the high yield of syngas). Indeed, this inevitably limits the operational parameters 48 for the gasification process (Meyer et al., 2011) . 49
Nevertheless, a great deal of researches conducted during the past decade envision fully 50 enlightened the effectiveness of biochar as a principal strategy for carbon sequestration due to its 51 recalcitrant properties. Therefore, the production of biochar from the gasification process 52 possibly offers the wide-ranged operational conditions for the gasification process. In this 53 context, most of the attention is focused on the soil amendment and carbon sequestration 54 
Physical properties 88
The pore volume and size, specific surface area and particle size of biochar are key 89 parameters in defining the physical properties of biochar. The pore formation of biochar is 90 closely related to the release of volatiles from polymeric backbone of carbonaceous feedstock 91 (Chen et al., 2015) . High volatile matter contents in the feedstock could promote the 92 development of porous structures and the reactivity of biochar (Pacioni et al., 2016) . Total pore 93 volume is critical for the solid-gas interaction and exchange between gaseous reactants and the 94 active sites on the surface of biochar (Sun et al., 2012) . According to the classification of 95 activated carbon pores by the International Union of Pure and Applied Chemistry (IUPAC), 96 pores with diameter less than 2 nm, between 2 -50 nm, and larger than 50 nm are grouped as 97 micropores, mesopores, and macropores, respectively. The pore size determines the accessibility 98 of the active sites and mass transfer limitation, and the surfaces of macropores and mesopores 99 better represent the reactive surfaces compared to those of micropores ). The 100 specific surface area of biochar is defined as the ratio of the total pore surface area to the totalbiochar particle mass, and it is well correlated with its porosity. The physical properties may 102 affect the chemical properties of gasification biochar. For example, larger surface area and 103 micropore volume have been found to be correlated with higher total polycyclic aromatic 104 hydrocarbons (PAHs) on biochar surface (Rollinson, 2016) . Alkali and alkaline earth metallic 105 (AAEM) species (e.g., K, Na, Ca, Fe, and Mg) are commonly observed in biomass. These 106 metallic species is known to have a crucial role in the gasification process for determining the 107 variation of gasification products and the efficiency for gasification, which is likely due to the 108 potential catalytic effects attributed by the common alkaline earth metallic species (Yip et al., 109 2009 ). Furthermore, the morphology of biochar can be affected by the dispersion of the AAEM 110
species. 111
The specific surface area and pore volume of biochar are mainly influenced by the 112 thermochemical conditions such as, temperature, residence time, and heating rate. The reported 113 specific surface areas and total carbon contents of gasification biochar is shown in Figure 1 . The 114 specific surface area ranged from 14.3 to 748.5 m 2 g -1 . The carbon content was in the range from 115 21.8 to 89.9 wt.%. The specific surface area is generally positively related to the total carbon 116 content, which could be well fitted by an exponential function, y = 9.97e 0.047x (R 2 =0.65). This 117 suggests that the carbon material plays a critical role in building up the porous structures of 118 gasification biochar. The switchgrass biochar generally had a low specific surface area (< 60 m 2 119 g -1 ), while wood-related feedstocks gave higher surface areas and carbon contents. Hansen et al. 120 (2015) attributed the higher specific surface area and pore volume for pine wood biochar than 121 wheat straw biochar due to the higher process temperature required for wood. However, this 122 difference in surface properties between the two biochar could also be resultant from the 123 difference of feedstocks. A high mineral content in raw feedstocks may lower the specific7 surface of gasification biochar by blocking the pores in the biochar (Hansen et al., 2015) . The 125 grape marc produced in a small-scale entrained flow gasifier had a low specific surface area 126 (<70 g m -2 ) which was attributed to the coalescence of smaller pores and the presence of 127 fractures due to the thermal contractions and expansions as observed by SEM microscopy 128 (Hernández et al., 2016) . The red dash line denotes the lower bound of the specific surface area 129 of activated carbon (500 m 2 g −1 ) (Yeo et al., 2012) . The specific surface area of gasification 130 biochar is generally smaller than that of activated carbon, except for those with a total carbon 131 content of around 80 wt.% 132
In general, gasification biochar had smaller specific surface areas and total pore volumes 133 than those from slow and fast pyrolysis (Peterson & Jackson, 2014) . This was mainly caused by 134 the effects of ash melting (pore clogging), pore expansion and collapse, and tar deposition 135 corresponding to the high temperatures during combustion and/or reduction stages of gasification. 136
However, the gasification process using O 2 and steam as the gasifying reagents was similar to 137 some physical activation processes that are used to produce activated carbons with high specific 138 surface areas and total pore volume (Manyà, 2012; Xiu et al., 2017) . Due to the activation effect 139 of the gasifying agents, the decrease in the specific surface area and total pore volume may be 140 partly offset. After the activation process, the surface area and total pore volume could increase 
Chemical properties 155
The chemical properties that are potentially relevant to biochar applications include carbon 156 and ash contents, AAEM species, functional groups, aromaticity, and pH. The composition and 157 reactivity of biochar are closely related to the thermochemical production conditions (e.g., 158
temperature, gasifying agent, and equivalence ratio) and the types of biomass (Naisse et al., 2013 ; 159 Spokas et al., 2011) . 160
The total carbon, ash and inorganic elements in gasification biochar are summarized in Table  161 1. The ash content in gasification biochar can be reached up to 60 wt.% and is generally higher 162 than their raw feedstock because of the loss of volatile matters and the enrichment of inorganic 163 components. The concentrations of inorganic elements in gasification biochar could be up to 164 1500 times higher than those in their raw feedstocks (Shen et al., 2016) . During the gasification 165 of sewage sludge in an updraft fixed bed gasifier, most of the elements were enriched by three 166 times in the ash compared to the raw sludge while particle evaporation occurred at high 167 temperatures for some volatile elements such as Pb and Zn, leading to the reduction in their 168 concentrations (Kim et al., 2016) . Inorganic compositions are expected to be conserved only if 169 the process temperature is lower than their respective volatilization temperature. If the process 170 temperature in a gasifier exceeds the melting point of certain metals (e.g., Zn, Cd, As, Se, K, and 171 Na), these metals/metalloids could be volatilized and have low concentrations in the biochar 172 (Shackley et al., 2012b ). An over-high alkali content in the initial feedstock and thus gasification 173 biochar may lower the melting temperature of ash, which cause ash agglomeration, slagging, and 174 fouling problems (Hernández et al., 2016) . Ash agglomeration occurred when the peak 175 temperature at the ignition front was above the initial deformation temperature of ash with a low 176 combustion rate and an increased stoichiometry (Kim et al., 2016) . 177
The carbon content of gasification biochar was previously suggested to be in the range of 20 178 -60 wt.%, which was generally smaller than that of pyrolysis biochar (50 -80 wt.%) (Yu et al., 179 2009 ). This was attributed to the fact that a relatively high temperature (>500 °C) and the 180 presence of limited amount of oxygen in a gasifier serve to oxidize carbon into CO 2 . However, 181 Table 1 showed that the total carbon content of gasification biochar could be well over 60 wt. %. 
Gasification biochar for tar removal 273
The generation of tars during the biomass gasification is harmful to the system, which could 274 cause mechanical breakdown and deactivate the catalysts in the refining process (Shen, 2015) . 275
The aromatic compounds such as benzene and PAHs in tars also pose environmental hazards 276 (Guan et al., 2012) . Thermal and catalytic cracking techniques are available for tar removal (Han 277 & Kim, 2008) . Biochar are recently employed as catalysts to decompose tar. The relatively high 278 surface area and porous structure of biochar could improve the dispersion of metal ions and 279 facilitate the transport of reactant molecules into the internal surfaces of catalysts, which make 280 them good catalyst supports (Shen & Yoshikawa, 2013) . The major mechanisms of tar removal 281 by biochar-based catalysts are physical adsorption, thermochemical reforming, and a 282 combination of adsorption and catalytic conversion (Shen, 2015) . 283
The removal capability of gasification biochar as a catalyst toward some model tars (phenol 284 and naphthalene) has been shown to be comparable with that of commonly used catalysts such as 285 calcined dolomite, olivine, and commercial nickel catalyst (El-Rub et al., 2008). However, the 286 commercial catalysts are much more expensive and are easily deactivated by carbon fouling (e.g., 287
coke deposition on nickel-based catalysts), and product gas contamination (Chan & Tanksale KOH under a nitrogen flow and impregnated with nickel nitrate solution followed by drying and 299 reduction in a hydrogen flow for 3 h. The obtained catalyst was applied to remove lignin tar. The 300 reaction temperature had a positive effect on the removal efficiency of most of the tar 301 components except naphthalene. As pressure increased from 0.1 to 1.1 MPa, the removal 302 efficiencies of most of the aromatic hydrocarbons and phenols increased from 0 to 70% and from 303 30 to 70%, respectively. This biochar-derived catalyst also achieved nearly 100 % removal for 304 catechol, 2-methoxyvinylphenol, 4-methylcatechol, and o-xylene at 1.1 MPa. 305
The surface area and pore radius and volume of biochar-derived or activated carbon (from 306 biochar)-derived catalysts decreased significantly after tar removal experiments, suggesting that 307 it is critical to regenerate the catalysts for their commercialization. For example, the pore volume 308 of gasification biochar-derived catalysts decreased by 88 % after usage, which should be related 309 to the deposition of graphitic carbon on the catalysts leading to a coking effect, i.e., blockage of 310 showed that K 2 CO 3 was a more effective agent than KOH in activating soybean oil cake biochar, 384
and it could produce the activated carbon of a higher porosity, larger yield, and less ash and 385 sulfur contents. Zhang et al. (2014) found that CO 2 -activated biochar had a higher CO 2 386 adsorption capacity than NH 3 -and CO 2 -NH 3 -activated biochar at a temperature of 20 °C. At a 387 temperature of 120 °C, the adsorption capacity depended on the N-content of biochar and the 388 CO 2 -NH 3 -activated biochar had the highest CO 2 adsorption capacity due to the formation of 389 nitrogen functional groups from the reaction between biochar carbon and ammonia. The 390 activated carbon from switchgrass gasification biochar showed an effective toluene removal rate 391 typical system boundary of LCA for a gasification-based waste disposal scheme without 512 considering the waste generation process is shown in Figure 4 . 513
Since the main product from gasification is syngas, the energy offset by displacing 514 conventional fossil fuels (e.g., coal, oil, and natural gas) generally plays a dominant role in the 515 system's overall carbon abatement capacity followed by the carbon sequestration and soil effects 516 by biochar, respectively (Ibarrola et al., 2012 ). The energy production by walnut shell 517 gasification used to displace grid electricity could account for 91.8 %, and the carbon sink role of 518 biochar accounted for 8.2 % of the total carbon abatement (Pereira et al., 2016) . In contrast, the 519 energy production from a pyrolysis system accounted for 10 -25 % of the overall carbon 520 abatement while the biochar-related carbon abatement contributed to 40 -66% of the overall 521 carbon abatement due to its high biochar yield (Elmouwahidi et al., 2012) . 522
Consistently, Hammond et al. (2011) showed that gasification systems generally offer a 523 lower carbon abatement potential than pyrolysis systems where the carbon stored in biochar 524 would generally account for the greatest carbon abatement portion among all the carbon 525 abatement components. The authors showed that gasification systems tend to produce more 526 electricity than pyrolysis system, suggesting the economic advantage of gasification. Nguyen et 527 al. (2013) found that the electricity production from the gasification of straw was more 528 environmentally friendly than direct combustion because of: (1) a higher electricity generation 529 efficiency, (2) a lower exhaust emission, and (3) biochar generation. Most of the previous LCA 530 studies considered the application of biochar as a soil amendment. Relevant LCA considering the 531 applications of gasification biochar beyond soil amendment (Section 2.2) is still limited and 532 needs to be explored in the future. 533 534
Challenges and perspectives
535
Upon the design of a gasification system, engineers and researchers often face up to a 536 dilemma on balancing between the carbon abatement potential and overall energy delivery, 537 which is further tangled by considering the potential applications of gasification biochar. It is 538 more economically viable to produce more electricity because of its higher profitability 539 compared to biochar for the time being (Meyer et al., 2011) . However, this situation may change 540 as the constant development of new biochar applications and the increasing demand of 541 gasification biochar. The most environmentally or economically sustainable gasification system 542 will achieve a balance between energy output and biochar generation, under which we need to 543 consider: (1) the source of gasification feedstock (waste or biomass), (2) the syngas yield, 544 composition, and applications (3) biochar yield and its physicochemical properties and 545 applications, and (4) the respective carbon abatement potential of applying syngas as a renewable 546 energy and applying biochar as a renewable source. A schematic of this concept is shown in 547 Figure 5 . In the future, it is worth exploring novel and unconventional biochar application 548 scenarios and using LCA to optimize the combined economic and environmental performance of 549 gasification systems. 550 To achieve robust engineering design and development of sustainable gasification systems, 551 the capability of developing bespoke biochar is a must, that is, for a particular application, we 552 need to know how much specific surface area, pore volume, carbon content, specific functional Brewer, C.E., Chuang, V.J., Masiello, C.A., Gonnermann, H., Gao, X., Dugan, B., Driver, L.E., 619
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